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From measurements of the 63 Cu Knight shift (K) and the nuclear spin-lattice relax- 
ation rate (1/Ti) under magnetic fields from zero up to 28 T in the slightly overdoped 
superconductor TlSr 2 CaCu 2 6 .8 (T c =68 K), we find that the pseudogap behavior, i.e., 
the reductions of 1/T±T and K above T c from the values expected from the normal state 
at high T, is strongly field dependent and follows a scaling relation. We show that this 
scaling is consistent with the effects of the Cooper pair density fluctuations. The present 
finding contrasts sharply with the pseudogap property reported previously in the under- 
doped regime where no field effect was seen up to 23.2 T. The implications are discussed. 
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The high transition temperature (T c ) superconductors have attracted enomous atten- 
tion because of their high T c and their anomalous normal-state properties. It is believed 
that the unusual normal-state properties are due to strong electron-electron correlation 
effects. On the other hand, it is also pointed out that some effects associated with the high 
value of T c , such as superconducting fluctuations (SF), may also complicate the normal- 
state properties [I]. Among various unsettled issues of the normal state, the so-called 
pseudogap (PG), which is a phenomenon of spectral weight suppression, has attracted 
much attention in recent years. Although the PG is observed in most underdoped ma- 
terials and possibly also in the overdoped regime [2], its detailed properties remain to 
be characterized. Measurements under strong magnetic fields may help to discriminate 
between different mechanisms that are responsible for the PG [3-6]. 

In this Letter, we report the temperature (T) and magnetic field (H) dependence of 
the normal-state properties probed by the 63 Cu Knight shift (K) and the nuclear spin- 
lattice relaxation rate measurements in the slightly overdoped superconductor 
TlSr 2 CaCu 2 6 .8, at both zero magnetic field (NQR) and high fields up to 28 T. It was 
found that the PG behavior is seen but it depends strongly on H. We further find that the 
PG follows a T- and H- scaled relation, which is shown to be consistent with the Cooper 
pair density fluctuations. The present finding contrasts sharply with the PG property in 
the underdoped regime where no field effect was seen up to 23.2 T [3]. Implications of 
these findings are discussed. 

TlSr 2 CaCu207_5 consists of two identical Cu0 2 planes in the unit cell. The doping 
level is controled by changing the oxygen content by annealing [7]. The as-grown sample 
is non-superconducting with 5 = 0.12. Superconductivity is obtained and T c is increased 
monotonically to 70 K [7, 8] when S is increased, thereby reducing the carrier concentra- 
tion. The electrical resistivity follows a simple power law p = p + aT n . The exponent 
n changes gradually from ~1.3 for the highest-T c sample to 1.7 for the as-grown sample 
[7]. Even the sample with the highest T c is suggested to be still in the slightly overdoped 
regime [8]. The sample used in this study has a zero-field critical transition temperature 
T c0 of 68 K with 5 ~0.20 and n—1.3 [7]. All NMR measurements were done on the central 
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transition (the -1/2 <->l/2 transition) in a c-axis aligned powder sample [8]. 1/T\ was ob- 
tained from the recovery of the magnetization (M(t)) following a single saturation pulse 
and a good fitting to M( ^ ( ~^ (f) = 0.9 exp {-Gt/Tj + 0.1 exp {-t/T^ [9]. The transition 
temperature for H|| c-axis, T c #, was determined from the ac susceptibility by measuring 
the inductance of the NMR coil and was 58 K, 51 K, 40 K and 37 K for H= 7 T, 15.6 
T, 23 T and 28 T, respectively, as indicated by the arrows in Fig. 1. Application of the 
Werthamer-Helfand-Hoenberg theory [10] indicates that a field of 43 T should destroy 
the superconductivity completely. This relatively small critical field, H c2 (0), is another 
manifestation of the sample being overdoped. 

Figure 2(a) shows \jT{T as a function of T for 0< H <28 T parallel to the c-axis. 
Figure 2(b) shows the T variation of the Knight shift ( K c ) for various H|| c-axis. Figure 
3 emphasizes the data near T cH . The arrows, from right to left, indicate T cH as H is 
increased. At H=0, 1/71 T increases with decreasing T down to T*=85 K. The curve in 
Fig. 2(a) is a fitting of the data above T=90 K to the relation of \jT{T = 7jf^, with 
C=4.7 msec" 1 and #=235 K. This Curie-Weiss (CW) relation of 1/T±T was reported in 
many other high-T c cuprates such as La 2 _ :E Sr :E Cu04 [11] and is explained theoretically as 
caused by antiferromagnetic (AF) spin fluctuations [12, 13]. The deviation of \jT{T from 
the CW relation below ~ T* has been widely attributed to the loss of low-energy spectral 
weight, i.e., the opening of a PC Applying a magnetic field shifts T* to lower T; \ jT{F 
is strongly field dependent below T ~ T*=85 K. 

K c is the sum of an if -and T- independent orbital part K or b and the spin part K s , which 
is proportional to the uniform spin susceptibility Xs- 111 Y- and La-based cuprates K s of 
63 Cu for H || c-axis is negligibly small due to accidential cancellation of the hyperfine field, 
which prevents investigation of the T- and if -dependence of Xs at this field alignment. 
K s is finite in the present case, likely due to larger transferred-hyperfine field coming from 
the nearest Cu [8]. At high T, as seen in Fig. 2(b), K c increases slighly with decreasing 
T, but remains constant at 1.42% for 85K< T <150 K. Such a T-independent K is a 
common feature of the optimally-doped [14] or overdoped materials [15]. As seen in Fig. 
3(b), K c starts to decrease at temperatures above T c h, with no apparent singularity at 
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T cH . Like 1/TiT, the temperature at which K c starts to deviate from a constant value 
depends on H . 

The key experimental results are: (1) The PG temperature at which K c starts to 
deviate from a constant value and \jT\T deviates from that expected by the relation of 
1/TiT = is lowered progressively by H. (2) The reduction of K c and 1/TiT at T cH 
become larger as H is increased. Thus, at a first glance, it appears that the PG behavior 
becomes prominent at high fields, although it starts at lower T. 

We find that the T- and if -dependence of these reductions follow a scaling relation. 
In Fig. 4(a), we show the normalized reduction of 1/TiT, d^Ty 1 = (TlT) .^ , 
divided by \/T c0 — T cH , as a function of the reduced temperature difference, J^ T ^ H . Here 

J cO J cH 

(TiT)^ 1 = T ^J 35 in msec _1 K _1 . It is seen that the data for four fields are collapsed onto a 
universal curve down to well below T cH . In Fig. 4(b), the reduction of K, SK = 1A2%—K C 
divided by \/T c0 — T cH is plotted against the same normalized temperature difference. A 
scaling relation is also evident. In both cases, the scaling has the same dependence on 

T-T rH 



T c o~T cH ' 

We now argue that these scaling relations are consistent with the effects of the fluc- 
tuating Cooper pair density. The spin Knight shift is written as K s oc Xs', 1/TiT can 
be written as \jT{T oc J2 q Imx ^'^ ~ x.s S 9 ~q (i+^l' 2 ) 2 > wnere I m means imarginary 
part, £m is the magnetic correlation length and Q is the AF wavevector [12,13]. Xs is pro- 
portional to the density of states (DOS) or the number of the normal-state electrons. SF 
modify Xs, and also £m in general. The effects of SF on various physical quantities have 
been extensively studied in the past in conventional superconductors [16] and recently 
also in high-T c superconductors [17]. Three processes are known: (1) the Aslamazov- 
Larkin (AL) term, which is a direct effect of the Cooper pairs formed above mean-field T c 
[18], (2) the Maki-Thompson (MT) term, which is due to the coherent scattering of two 
counterparts of a Cooper pair on the same elastic impurities [19], and (3) the DOS term 
due to the reduction of one-electron DOS because a part of electrons form Cooper pairs 
[20, 21]. The AL contribution to the Knight shift and the relaxation is negligible because 
of singlet electron pairing. The MT term is sensitive to the pairing symmetry but the 
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DOS term is not. When the Cooper pair is of d-w&ve symmetry, which is believed to be 
realized in the high-T c superconductors, the MT term is much smaller than the DOS term 
[22, 23]. Under these circumstances, the predominant effect of the SF on K and 1/Ti is 
to reduce the contributions due to the DOS. 

This reduction can be modeled by calculating the corresponding number of the fluc- 
tuating Cooper pairs, N c , p _ which gives rise to the reduction of the DOS. The static 
fluctuation of the Cooper pair density above T c h can be estimated from the Ginsburg- 
Landau (GL) theory. The GL free energy density relative to the normal state is / = 



Oi\ip\ 2 + 2^t|(-V — —A)ip\ 2 + f |t/>| 4 , where ip is the order parameter, a and (3 are con- 



stants, and m* and e* are the mass and charge of the Cooper pair, respectively. The 
probability for each ip(r) is proportional to exp(—f /ksT). Consider T far enough above 
T c that the |?/>| 4 term can be neglected. Suppose H || z and expand tp in terms of 
the wave function of the Landau orbit <p n ,k z , ipij-) = J2C n ,k z fn,k z - It can be shown 
[16] that / = T,£*[(k 2 z + ji + (n + \)^\\C n , kz \ 2 , where O is the flux quantum and 
£ = V 1 2m*a = W ls ^ e GL coherence length, with e = log(T/T c0 ) pa T r ^ cU . Therefore, 
the averaged fluctuation is < \it>k, n \ 2 >= — ; — f 2 ^ — , , „ , where n labels the Landau 
level. By introducing Eh = T ~rJ cH , where T c h is the mean-field transition temperature at 
field H, and H = H/H c2 (0), the averaged fluctuation becomes, 

ii 1 2 ksT 

^[£H + ^ 2 2 + 2ni/] 

The factor of T shown in eq. (1) is cancelled out when one includes the effect of 
dynamic fluctuations (non-zero frequencies). Dynamical fluctuations suppress the order 
parameter modulus. This suppression is larger for higher T [16,20,23]. Calculating these 
fluctuations is rather elaborate and has not been derived analytically. However, by using 
the Matsubara Green's function and numerical calculation, Heym [20] found that the 
inclusion of dynamical fluctuations is equivalent to multiplying the static fluctuation term 
by the factor 1/T in the temperature range of 1.05< T/T c < 1.6, which corresponds to 
0.1< t~-t H — 1 ^ n ^ ne P resen t case - O n t ne basis of this argument, we drop the factor 



5 



T in eq. (1) from further consideration. Then, jV c . p . is, 

iv„ = £<l^l 2 >= /f~E<hAU 2 > 

ocE i = - • (2) 
n \£h + 2nH 

By dividing the two sides of eq. (2) by VW, one obtains a scaling relation between 
N c , p /Vh and Eh/H. By noting that H c2 (T) is linear near T c so that H can be written 
as H = Q^g Tc0 T c f H [10], we obtain, 

7V 1 
-=J^= oc E / (3) 
VT c0 -T cH V JT^- + ^ 

V T cO-T cH 0.69 

Eq.(3) reproduces the scaling found experimentally. The solid curves in Fig. 4 are fits 
to the right hand of eq. (3) by taking n max = 1/H — 5 following ref. [24]. Taking larger 
n max is found to result only in a shift of the fitted region to lower temperature, as found 
by Eschrig et.al. [23]. We have limited the fitting to the vicinity of T c h where the GL 
theory is valid. In the range of 0.1< ^_^ H H < 0.35, the fitting is reasonably good. The 
deviation from the GL theory near (and below) T cH is not surprising since the fluctuations 
there (i.e., in the critical region) are strong that the \ip\ 4 term can not be neglected. 

Thus, the H and T dependences of \jT{T and the Knight shift can be understood as 
due to Cooper pair density fluctuations of both static and dynamic origins. The reduction 
of both K and \jT{T are proportional to N c _ p _, as expected by the theory to the first 
order of approximation {i.e., neglecting the change in £m)- The magnetic field-enhanced 
fluctuation near T c h is attributed to the increase of the density of the fluctuating pairs 
due to the degenerated Landau level. 

To our knowledge, this is the first report of the observed scaling relation for the NMR 
quantities. It is observed over a wide T range that extends well below T c h and up to as 
high as 2T c h- Although the above simplified argument gives an intuitive account for the 
scaling above (and near) T c #, theories which can describe the whole T range including 
the critical and the high-T regions are needed. 

Finally we discuss the implications of the present finding. First, the present experiment 
warns that care should be taken when making quantitative arguments about the PG 
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phenomenon under magnetic field. As seen in our experiment, applying a magetic field 
gives a result that is consistent with the quantization of the orbital motion of the electrons 
which in turn lowers T* and makes the PG appear more pronounced than at zero field. 
Secondly, the PG behavior in the overdoped regime contrasts sharply with what is seen 
in the underdoped material YBa 2 Cu40g reported previously, where no field dependence 
was found up to 23.2 T, even though the field reduces T c by 20 K (26% of T c0 ) [3]. There 
exists a wide variety of interpretations for the PG [25] and its ^/-independence [26]. 
The present findings imply that any electron correlation-driven pseudogap, if realized in 
the underdoped regime, would terminate at some doping level [27], before entering the 
overdoped regime. 

In summary, we have found in the slightly overdoped superconductor TlSr 2 CaCu 2 6 . 8 
that the reduction of the Knight shift and \/T\T above T c , i.e., the pseudogap behavior, 
is strongly field dependent and follows a simple scaling relation. Based on the GL theory 
we argued that this scaling is consistent with the effects of the Cooper pair fluctuations 
above mean-field T cH . The present results contrast sharply with the pseudogap property 
in the underdoped regime, which is not affected by a field up to 23.2 T [3]. These results 
imply that an electron correlations-driven pseudogap would terminate at some doping 
level before entering the overdoped regime. 
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Figure Captions: 

Fig. 1, AC susceptibility at various fields. The sample was field-cooled. 

Fig. 2, (a) 1/TiT of 63 Cu as a function of temperature, T, at various magnetic fields 
parallel to c-axis. The arrow indicates T c0 . The curve is a fitting of the data above 
T=90 K to a Curie- Weiss relation, (b) T-variation of the Knight shift, K c , at various 
fields. The typical uncertainty of the data points is about ±2%, which is slightly larger 
than the size of the symbols. 

Fig. 3, Enlarged part of Fig. 2 around T c h- The arrows, from right to left, indicate T c h 
at elevated fields. 

Fig. 4, (a) Normalized reduction of \jT\T from that expected from the high-T 
Curie- Weiss relation, divided by V^co — T cH , in K~5 ; plotted as a function of To-t"„ ■ 
(b) Reduction of the Knight shift from the constant value, divided by \fT c $ — T cH) in 
10 _4 K~5 ) versus ^ T ^ H H ■ The symbols are the same as those in (a). The curves are fits 

t0 JT^-T^ ( See text )- 
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This figure "Fig201.GIF" is available in "GIF" format from: 
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